The genome sequence, genetic characterization and nblA gene function of Microcystis aeruginosa myovirus isolated from Lake Dianchi in China (MaMV-DC) have been analysed. The genome DNA is 169 223 bp long, with 170 predicted protein-coding genes (001L-170L) and a tRNA gene. About one-sixth of these genes have homologues in the host cyanobacteria M. aeruginosa. The genome carries a gene homologous to host nblA, which encodes a protein involved in the degradation of cyanobacterial phycobilisome. Its expression during MaMV-DC infection was confirmed by reverse transcriptase PCR and Western blot detection and abundant expression was companied by the significant decline of phycocyanin content and massive release of progeny MaMV-DC. In addition, expressing MaMV-DC nblA reduced the phycocyanin peak and the phycocyanin to chlorophyll ratio in model cyanobacteria. These results confirm that horizontal gene transfer events have occurred between cyanobacterial host and cyanomyovirus and suggest that MaMV-DC carrying host-derived genes (such as 005L, that codes for NblA) is responsible for more efficient expression of cyanophage genes and release of progeny cyanophage. This study provides novel insight into the horizontal gene transfer in cyanophage and the interactions between cyanophage and their host.
INTRODUCTION
Cyanophages are viruses that infect cyanobacteria and are widely distributed in both marine and freshwater ecosystems (Brussaard et al., 2008; Fischer & Suttle, 2011; Millard & Mann, 2006; Suttle & Chan, 1994; Wilson et al., 1993; Zhang & Gui, 2009 . They play an important role in regulating the cyanobacteria biomass and community structure, mediating the horizontal gene transfer between microorganisms, maintaining the extensive diversity of microbial communities and contributing to global biogeochemical cycles Jameson et al., 2008; Mann, 2003; Mühling et al., 2005; Suttle, 2002) . Many marine cyanophages have been isolated and sequenced, but there are relatively few studies on characterization of freshwater cyanophages (Chen & Lu, 2002; Mann et al., 2005; Millard et al., 2009; Huang et al., 2015; Li et al., 2013b; Liu et al., 2006; Pope et al., 2007; Sullivan et al., 2005 Sullivan et al., , 2010 Zhang, 2014) . To date, there are more than 55 completed marine cyanophage genomes in GenBank, but only eight freshwater cyanophages have been characterized at the genome level (Chénard et al., 2015; Chan et al., 2015; Huang et al., 2015; Ou et al., 2015; Zhang, 2014) . Isolation and sequencing of more freshwater cyanophages are required for exploring the biological properties and ecological effects of cyanophages and their interactions with cyanobacterial hosts in freshwater ecosystems, as well as comparing and contrasting with those in marine ecosystems.
Microcystis aeruginosa is usually the dominant cyanobacterial genus in eutrophic freshwaters, and tends to bloom in a large proportion of the aquatic environments during warm months, causing serious water management problems (Davis et al., 2009; Wu et al., 2007) . It is now becoming clear that cyanophages influence the dynamics and clonal composition of natural cyanobacterial populations and are thought to be an important factor involved in the succession of cyanobacterial blooms (Mühling et al., 2005; Mann & Clokie, 2012) . However, cultivable cyanophages infecting M. aeruginosa are scarce. Ma-LMM01 was the first Microcystis phage to be isolated and characterized at the genome level (Yoshida et al., 2006 (Yoshida et al., , 2008 . We then isolated another Microcystis phage, MaMV-DC, from a geogrophically disparate location (Ou et al., 2013) . Although both of them have the characteristic shape of myoviruses with an icosahedral head and a contractile tail and display similar major structural protein patterns containing four major polypeptides, there are differences between them in terms of host specificities and restriction maps (Ou et al., 2013; Yoshida et al., 2006) . The complete genome sequence of MaMV-DC is expected to contribute to better understanding of the effect of cyanophages on population dynamics of M. aeruginosa in eutrophic freshwaters, and make it possible to comparatively study the molecular mechanisms involved in the host specificities of Microcystis phages.
Many marine cyanophages have been reported to contain cyanobacterial genes (e.g. mainly photosynthesis-related genes) and expressions of these auxiliary metabolic genes are assumed to play defining functional roles in central energy metabolism, thus supplying substantial energy and carbon for cyanophage production (Lindell et al., 2004; Mann et al., 2003; Millard et al., 2004 Millard et al., , 2009 Philosof et al., 2011; Puxty et al., 2014; Sharon et al., 2009; Sullivan et al., 2005; Thompson et al., 2011) . In addition, the hostderived gene nblA has been found in freshwater cyanophages, Ma-LMM01 and PaV-LD (Gao et al., 2012; Yoshida et al., 2008) . Much attention has been paid to the nblA gene in cyanobacteria, but its function in cyanophages requires further study (Baier et al., 2004; Karradt et al., 2008) . Functional analysis of cyanophage genes is difficult to carry out in their natural hosts, most of which are not amenable to genetic modification. In our lab, the transformation and expression of PaV-LD genes were performed in a model cyanobacterium by using a neutral genomic platform, and a cyanobacterial virus-host system (cyanophage A-4L and cyanobacterium Anabaena sp. strain PCC 7120), amenable to genetic modification, was created to study the function of A-4L genes in its natural host (Gao et al., 2012; Li et al., 2013a; Ou et al., 2015) .
In this study, we sequenced and analysed the complete genome sequence of MaMV-DC, and tried to reveal the possible functional role of MaMV-DC nblA in the infection course.
RESULTS
Electron microscopy observation of purified MaMV-DC Electron micrographs of the purified cyanophage MaMV-DC showed that two morphotypes of viral particles coexisted: particles with an isometric head and an extended tail (Fig. 1a) and particles with an isometric head and a contracted tail (Fig. 1b) . The isometric head was about 70 nm in diameter and the contractile tail was approximately 160 nm in length. These morphological features suggest that cyanophage MaMV-DC is a member of the family Myoviridae.
Features of the MaMV-DC genome
The MaMV-DC genome contained 169 223 bp of ds DNA, with a G+C content of 46.3 %. The genome sequence was assembled into a closed circle with no physical ends, suggesting that the genomic DNA had a terminal redundancy and packaged in a similar manner to other cyanomyoviruses Yoshida et al., 2008) . Genome annotation revealed 170 putative protein-coding genes (ORFs) and a tRNA gene. The locations, sizes and DNA dot plot analysis comparing the MaMV-DC genomic DNA with itself and other cyanomyoviruses genomes revealed that MaMV-DC only shared high collinearity and sequence similarity with Ma-LMM01 (Fig. 3, showing part of the data and others similar to C). Whole-genome alignment analysis of MaMV-DC and Ma-LMM01 revealed that the average nucleotide identity was 86.1 % and the main genomic difference was the insertion of host or other microbe DNA, the size of which is about 7 % of the total genome (e.g. mainly ORF 013-015, ORF 030-039 and ORF 067-068; Fig. 3b ).
Phylogenetic analysis
To investigate the phylogenetic relationships of MaMV-DC and other cyanomyoviruses, the complete sequence of the MaMV-DC MCP was used to reconstruct a phylogenetic tree with 15 freshwater and marine cyanomyoviruses, based on the homology analysis and multiple alignments. As shown in Fig. 4 , MaMV-DC and Ma-LMM01 were clustered together and distinct from other cyanomyoviruses. The freshwater cyanomyovirus S-CRM01 is closely related to the marine members, and these selected marine members grouped within the tree are in agreement with those that resulted from phylogenetic analysis using the concatenated core genes (Huang et al., 2015) .
Sequence analysis of MaMV-DC NblA
The MaMV-DC nblA (005L) sequence encoded a polypeptide of 65 aa with a predicted molecular mass of 7.6 kDa. Sequence alignment with NblA homologues from cyanobacteria and cyanophages revealed that five amino acid residues were conserved in all NblA homologues (Fig. 5) . These conserved residues are probably of functional importance for binding to the phycobilisome and interacting with phycobiliproteins. The phylogenetic tree showed that MaMV-DC and Ma-LMM01 clustered together and further grouped with their hosts M. aeruginosa as well as other freshwater cyanobacteria, indicating that nblA in M. aeruginosa cyanophages may have been introduced through horizontal transfer from a common Microcystis strain (Fig. 5 ).
Effects of MaMV-DC NblA on degradation of cyanobacterial phycobilisomes
To verify the function of MaMV-DC nblA, its transformation and expression were performed in the model cyanobacterium, Synechocystis sp. strain PCC 6803, which can be genetically manipulated with ease and predictability (Gao & Xu, 2009; Williams, 1988) . Schematic diagrams of recombinant cyanobacteria PCC 6803-nblA and PCC 6803-con are shown in Fig. 6 (a). PCC 6803-nblA could express the MaMV-DC nblA using the copper induced promoter petE, and PCC 6803-con was constructed as a control group. These recombinant cyanobacteria were confirmed by PCR using three pairs of primers (Fig. 6b) . Compared with the control group, a decrease in the typical absorbance peak of phycocyanin was detected at 4 days after copper induction and the expression of MaMV-DC nblA in PCC 6803-nblA was verified by Western blot assay (Fig. 6c ). Four days after copper induction, the phycocyanin to chlorophyll ratio (PC/Chl) in PCC 6803-nblA (0.952+0.001) was smaller than that in PCC 6803-con (0.971+0.001, means+SD), while the expression of MaMV-DC nblA had no obvious effect on the growth (A 680 ) of recombinant cyanobacteria (Fig. 6d) . These results indicated that MaMV-DC NblA could degrade cyanobacterial phycobilisomes.
Effects of MaMV-DC NblA during the infection course
To reveal the function of MaMV-DC nblA during the infection course, its temporal expression pattern, host physiological changes and progeny cyanophage release in Microcystis cultures were analysed simultaneously. Colours of infected cultures initially deepened within 36 h postinfection (p.i.) and were then gradually faded out, indicating that the Microcystis cells were first increased and then decreased (Fig. 7a) . Spectroscopic analysis also showed similar results and the typical absorbance peak of phycocyanin was significantly decreased at 60 h p.i. (Fig. 7b) . The temporal expression pattern of MaMV-DC nblA (005L) was characterized by reverse transcriptase PCR (RT-PCR) and Western blot analysis. At the transcriptional level, the MaMV-DC nblA-specific fragment was detected at 48 h p.i. by using MaMV-DC nblA-specific primers. Transcriptional analyses of MaMV-DC MCP (087R) and DNA polymerase (DNAP, 165L) genes were also performed. The mcp-specific fragment was also detected at 48 h p.i., while the DNAp-specific fragment was detected at 12 h p.i. As an internal control, the expression of host rnpB mRNA was detected throughout the experiments (Fig. 7c) . To reveal the expression of MaMV-DC nblA and mcp at the protein level, we expressed the NblA and MCP fusion proteins and prepared antiNblA and anti-MCP antibodies. A weak protein band (7.6 kDa) for NblA was detected from 48 h p.i. by Western blot assay using the anti-NblA antibody and its content increased to a high level at 60 h p.i. A specific protein band (48 kDa) for MCP could also be detected from 48 h p.i. using the anti-MCP antibody and the quantity increased with infection time. In addition, a positive signal for MCP could be detected in purified MaMV-DC particles, while there was no signal for NblA (Fig. 7d) . Furthermore, the release of progeny cyanophage during the infection course was estimated. The progeny cyanophage began to release at 36-48 h p.i., and massive release occurred at 48-60 h p.i. (Fig. 7e) . Together, these results demonstrated that MaMV-DC nblA is a late expression non-structural protein gene expressed during MaMV-DC infection and its abundant expression was companied by the significant decline of phycocyanin content and massive release of progeny cyanophage.
DISCUSSION
Genome sequencing confirmed that MaMV-DC is a novel M. aeruginosa myovirus. MaMV-DC and Ma-LMM01 are two freshwater cyanomyoviruses infecting M. aeruginosa and were isolated from geogrophically disparate locations. Both of them are strain-specific and infect different Microcystis strains (Ou et al., 2013; Yoshida et al., 2006) . To reveal the possible mechanism involved in the host specificity, the genomes of cyanophages MaMV-DC and Ma-LMM01 were compared with each other. A high degree of synteny was observed and the main genomic difference was formed by the insertion of host or other microbe DNA. Extensive horizontal gene transfer is a hallmark of genome evolution in phages and produces extremely dynamic genomes (Ochman et al., 2000; Ou et al., 2015; Silander et al., 2005) . Substantial amounts of DNA might be introduced into or deleted from Microcystis phages through horizontal gene transfer and the rapidly evolving cyanophages could form various subtypes, just as MaMV-DC and Ma-LMM01. Meanwhile, their host Microcystis cells would also evolve against cyanophage infection. Bacteria could acquire resistance to phages by incorporation of phage genomic sequences into spacer regions of clustered regularly interspaced short palindromic repeats (CRISPR) and CRISPRs have proved to be ubiquitous in M. aeruginosa genomes (Sorek et al., 2008; Tyson & Banfield, 2008; Yang et al., 2015) . Rapidly evolving CRISPRs might confer acquired resistance of Microcystis cells to different cyanophage subtypes. Therefore, during the long process of coevolution, extensive horizontal gene transfer and fast evolutionary rate may have resulted in the strain-specific properties of Microcystis phage. DNA dot plot analysis showed that MaMV-DC only shares collinearity with Ma-LMM01 and phylogenetic analysis futher confirmed that these two freshwater cyanomyoviruses were grouped together and distinct from other marine cyanomyoviruses, suggesting a clear divergence in the cyanomyovirus lineage between freshwater and marine ecosystems. Although S-CRM01 was isolated from a freshwater river, it infects Synechococcus, which have broad distributions and its genome indicates close relationships to photosynthetic marine cyanomyoviruses (Dreher et al., 2011) . Phylogenetic analysis in this study also revealed that S-CRM01 clustered with marine cyanomyoviruses rather than freshwater members. Investigating the phylogenetic relationships of cyanopodoviruses also revealed a clear divergence in their lineage between freshwater and marine ecosystems (Ou et al., 2015) .
Host-derived photosynthesis genes are common among marine cyanophages and expression of these auxiliary metabolic genes is assumed to maintain host photosynthesis Horizontal gene transfer between MaMV-DC and host during infection, thus supplying substantial energy and carbon for cyanophage production (Lindell et al., 2005; Mann et al., 2003; Millard et al., 2004; Sullivan et al., 2006; Thompson et al., 2011) . The MaMV-DC genome has no homologues for host core photosystem I and II genes, but carries a gene encoding a small polypeptide homologue to host NblA protein. NblA is directly involved in the degradation of phycobilisomes, which constitute up to 50 % of the total soluble protein of a cyanobacterial cell (Baier et al., 2001 (Baier et al., , 2004 Karradt et al., 2008) . Previously, homologues of NblA had been identified in the genomes of two cyanophages (Ma-LMM01 and PaV-LD) and PaV-LD NblA had been shown to play an essential function in phycobilisome degradation (Gao et al., 2012; Yoshida et al., 2008) . In this study, the expression of MaMV-DC nblA was confirmed at the mRNA and protein levels during the infection course and its abundant expression was accompanied by the degradation of host phycobilisomes and massive release of progeny cyanophage. Its induced expression in model cyanobacterium also resulted in the degradation of phycobilisomes. Together, we propose that MaMV-DC expresses nblA to degrade M. aeruginosa phycobilisomes, which may provide a source of amino acids for synthesizing cyanophage structural proteins and producing more progeny virions during the latent period. Whether the nblA gene is essential for MaMV-DC infection and the net fitness benefit of carrying this gene are required for further study.
In conclusion, the complete genome sequence of a cyanomyovirus MaMV-DC was determined. The genome sequence revealed that the DNA fragments (genes) of its host or another microbe were inserted into MaMV-DC genome, such as a host-derived gene (005L), homologous to host cyanobacteria nblA with highly conserved amino acid sequences. The function of horizontally transferred gene MaMV-DC nblA was shown. These results confirm 100
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METHODS
Cyanophage purification, electron microscopy and genomic DNA extraction. Cyanophage propagation and purification were performed as previously described (Ou et al., 2013) . Briefly, the host cyanobacterium M. aeruginosa FACHB-524 was clonally grown in medium BG-11 at 25 uC under a 14 h/10 h light/dark cycle, light (*30 mE m 22 s
21
). Exponentially growing cultures of M. aeruginosa FACHB-524 (1 l) were infected with the cyanophage MaMV-DC at an m.o.i. of approximately 1 and incubated until lysis, approximately 3 days after infection. The crude lysates were mixed with 10 ml chloroform and 58 g NaCl and then centrifuged at 10 000 g for 20 min at 4 uC to remove cell debris. The supernatant was then filtered through a Millipore 0.45 mm pore filter to further remove cellular debris and the cyanophage particles were concentrated using 10 % (w/v) polyethylene glycol 8000. The concentrates were purified using ultracentrifugation with a sucrose density gradient, and then used for negative stain electron microscopy and genomic DNA extraction.
A drop of purified cyanophage suspension was dropped onto a carbon-coated copper grid. The grid was negatively stained with 2 % uranyl acetate (w/v) and observed at 80 kV using a JEM-1230 transmission electron microscope. For genomic DNA extraction, purified cyanophage particles were broken using SDS-proteinase K and the released genomic DNA was subjected to phenol/chloroform extraction and sodium acetate-2-propanol precipitation.
Genome sequencing. The MaMV-DC genome was sequenced by 454 pyrosequencing technology as previously described (Henn et al., 2010) . Briefly, the high-quality genomic DNA was mechanically sheared into short DNA fragments and these fragment ends were ligated to adaptors and separated into single strands in preparation for emulsion PCR. The resulting fragmented DNA was clonally amplified in a bead-immobilized form using the GS20 emPCR kits and sequenced with the 454 Life Science GS 20 instrument following the manufacture's recommendations. De novo assembly was performed using the 454 Life Sciences Newbler software package. The average read length was about 400 bp and approximately 30-fold genome coverage was obtained. The MaMV-DC genome sequence has been deposited in GenBank under accession number of KF356199.
Genome annotation, sequence comparison and phylogenetic analysis. ORFs were predicted by combining the results of GeneMarkS and Gene Finding in the virus genome program at the website http://www.softberry.com, followed by manual inspection (Besemer et al., 2001) . The tRNA genes were detected by tRNAscan-SEM (Lowe & Eddy, 1997) . DNA dot matrix plot analysis was performed using DNAMAN version 6. Homology searching and functional annotation were performed using the program BLASTP against the Swiss-Prot and non-redundant protein databases in NCBI (E-value v0.001).
Multiple sequence alignments were conducted using CLUSTAlX1.83 program and edited using GeneDoc (Thompson et al., 1997) . The phylogenetic tree was reconstructed using a neighbour-joining method as implemented in MEGA version 4 (Tamura et al., 2007) .
Prokaryotic expression, protein purification and antibody preparation. MaMV-DC nblA was amplified from genomic DNA with specific primers, NblA-Exp-F and NblA-Exp-R. All primers used in this study are listed in Table S1 (available in the online Supplementary Material). The amplified fragment was ligated into the prokaryotic vector pET32a (Novagen) and named pET32a-nblA. Then, the pET32a-nblA plasmid was induced with 1 mM IPTG at 37 uC to express the fusion protein, after transformation into Escherichia coli BL21(DE3). The fusion protein was purified according to the protocols of the HisBind Purification kit (Novagen). To obtain an antibody against MaMV-DC NblA, the purified fusion protein was mixed with an equal volume of Freund's adjuvant (Sigma) and used to immunize mice by hypodermal injection once every 7 days. The anti-NblA serum was collected after the fourth immunization. The preparation of anti-MCP serum was performed as above using the primers MCP-Exp-F and MCP-Exp-R.
RT-PCR and Western blot analysis. Total RNA and protein were prepared from Microcystis cultures infected with MaMV-DC, at an m.o.i. of 1, at various times (0, 12, 24, 36, 48, 60 and 72 h) p.i. and subjected to RT-PCR and Western blot analysis using methods previously described, with some modifications (Zhao et al., 2007) . Briefly, the MaMV-DC suspension was added to the exponentially growing Microcystis cultures and incubated at 25 uC under the above described lighting conditions. After adsorption for 2 h, Microcystis cells were collected by centrifugation and washed three times to remove unabsorbed virus particles and empty capsids. Then the cultures were transferred to fresh BG-11 medium and collected by ultracentrifugation (26 000 r.p.m. 1 h, SW 41 swing-out rotor) at 0, 12, 24, 36, 48, 60 and 72 h p.i. For RT-PCR, the transcription of MaMV-DC nblA, mcp and DNAp genes were monitored using the primers NblA-RT-F/NblA-RT-R, MCP-RT-F/MCP-RT-R and DNAP-RT-F/DNAP-RT-R, respectively. Internal control was carried out simultaneously by detecting the Microcystis RNase P RNA gene (rnpB) with the primers Ma-rnpB-F and Ma-rnpB-R. A no-sample negative control was included in each set of reactions. For Western blot analysis, the prepared protein samples were electrophoresed in 16 % Tricine-SDS-PAGE to separate MaMV-DC NblA and in 15 % SDS-PAGE to separate MaMV-DC MCP, and then transferred to 0.22 mm and 0.45 mm pore PVDF membranes (Millipore), respectively (Schägger, 2006) . Then, the membranes were incubated successively with 1 : 500 diluted MaMV-DC NblA or MCP mouse antiserum for 2 h and 1 : 1000 diluted alkaline phosphatase-conjugated goat antimouse IgG (H+L) antibody (Vector Laboratories) for 1 h. Finally, Western Blue stabilized substrate for alkaline phosphatase (Promega) was used for colour reaction.
Spectroscopic analysis and titre determination. At various times p.i. the above cultures were also collected for spectroscopic analysis and cyanophage titre determination. Whole-cell absorbance spectra of Microcystis cultures from 550 to 750 nm were recorded on a Shimadzu UV1800 spectrophotometer. Cyanophage titres were determined in centrifuged supernatants (10 000 g, 10 min) according to a previous report (Ou et al., 2013) . Briefly, the cyanophage suspensions were serially diluted with BG-11 medium and mixed with the exponentially growing Microcystis cultures. Following incubation at 25 uC for 1 h, the top agar (0.4 % low-melting-point BG-11 agar medium) containing the suspension dilution and Microcystis cells was spread onto 1 % BG-11 agar plates. P.f.u. were counted following 1 week incubation under the above conditions.
Expression of MaMV-DC nblA in Synechocystis sp. strain PCC 6803. Synechocystis sp. strain PCC 6803 and its derivatives were cultured in BG11 without (autotrophic) or with (mixotrophic) 5 mM glucose in flasks at 30 uC under a 14 h/10 h light/dark cycle, light (*30 mE m 22 s
). Spectinomycin (10 mg ml 21 ) was added as needed. To control gene expression from the petE promoter (PpetE) with cupric ion, BG11 without cupric ion, plastic containers and deionized water were used as previously described (Gao & Xu, 2009 ). MaMV-DC nblA was amplified using primers the NblA-Tran-F and NblA-Tran-R and cloned into pMD18-T vector (Takara) to make the plasmid pMD-nblA. A fragment containing Omega-PpetE with spectinomycin resistance and a promoter sequence was cloned into the plasmid pMD-nblA. Then, the Omega-PpetE-nblA fragment was excised, blunted with T4 DNA polymerase and ligated into the vector pKW1188 to make plasmid pHB-nblA. The Omega-PpetE fragment was clone into pKW1188 to make plasmid pHB-Con. Transformation of Synechocystis sp. strain PCC 6803 with plasmid pHB-nblA or pHB-con was performed as previously described (Williams, 1988) . The resulting transformants were streaked onto plates and cultured in liquid medium with glucose and spectinomycin until complete segregations were confirmed by PCR using the primers listed in Table S1 . These confirmed recombinant cyanobacteria were named PCC 6803-nblA and PCC 6803-con, respectively. The recombinant cyanobacteria PCC 6803-nblA was induced with 320 nM cupric ion to express MaMV-DC nblA and 4 days after induction, the cultures were collected for spectroscopic and protein expression analyses as described above. The induction and analysis of recombinant cyanobacteria PCC 6803-con were carried out simultaneously and served as the control group.
